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NOTATION 


A activation constant, sec 

E activation energy, kcal/mole 

H enthalpy 

m mass loss rate, kg/sec 

P pressure, atm 

r radius, cm 

T temperature, K 


Subscripts 
b base 

bp backplate 

c corner 

t isentropic stagnation condition 

w model wall condition 
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PERFORMANCE OF AN ABLATOR FOR SPACE SHUTTLE IN-ORBIT REPAIR 


IN AN ARC PLASMA AIRSTREAM 

David A. Stewart, Melanie Cuellar,* and Orvel Flowers 
Ames Research Center 


An ablator patch material performed well in an arc-plasma environment simulating nominal earth-entry conditions for the 
Space Shuttle. Ablation tests , using vacuum molded cones y provided data to optimize the formulation of a two-part polymer 
system for application under space conditions . The blunt cones were made using a Teflon mold and a state-of-the-art caulking 
gum Char stability of formulations with various amounts of catalyst and diluent were investigated. The char was found to be 
unstable in formulations with low amounts of catalyst and high amounts of diluent. The best polymer system determined by 
these tests was evaluated using a half-tile patch in a multiple High-Temperature Reusable Surface Insulation tile model It was 
demonstrated that this ablator could be applied in a space environment using a state-of-the-art caulking gun , would maintain 
the outer mold line of the thermal protection system during entry , and would keep the bond line temperature at the 
aluminum-tile interface below the design limit. 


The thermal protection system (TPS) over most of the 
Space Shuttle surfaces consists of primarily fibrous silica 
tiles, ranging in thickness from 2.5 cm to 10.2 cm, with a 
borosilicate glass coating for emissivity control. The tiles are 
bonded to the vehicle with a room -temperature vulcanizing 
elastomer (RTV 560) via a Nomexf strain isolation pad 
(SIP) between the tile and the aluminum skin (ref. 1). The 
tiles that cover the lower surface of the Space Shuttle 
(Orbiter) are roughly 15 -cm square and have a black, 
reaction-cured glass (RCG) coating. These tiles are called 
High-Temperature Reusable Surface Insulation (HRSI) 
tiles. The upper surfaces of the Orbiter use tiles 20-cm square 
with a white glass coating which are called Low-Temperature 
Reusable Surface Insulation (LRSI) tiles. 

During early missions, damage has occurred to both tile 
systems. Therefore, the possibility does exist, though remote, 
that damage could occur to an area of the Orbiter’s TPS dur- 
ing ascent, which could jeopardize the vehicle’s mission. In 
the development of any repair procedure one must consider 
that the repair can only be accomplished by the astronaut 
from the exterior of the Orbiter in space. Past experience 
with manned space programs such as the Mercury, Gemini, 
and Apollo suggested that an epoxy-polysylfide-copolymer- 
based ablator could provide the desired thermal protection to 
the Space Shuttle during its relatively mild entry environ- 
ment (refs. 2-5). Based on individual Space Shuttle condi- 
tions, specific requirements were established for the ablator 
(Refs. 6-8): 
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1 . It must harden in a reasonable time in a space environ- 
ment without external thermal treatment. 

2. It must be simple to apply to accommodate the capa- 
bilities of a suited astronaut. 

3. It must have nonvolatile components. 

4. It must adhere to the various Space Shuttle TPS 
materials. 

5. It must maintain the outer mold line of the TPS while 
surviving one Orbiter Earth entry. 

Preliminary arc -plasma tests showed that NASA Ex439, 
formulated as a mastic by Riccitiello and Flowers of Ames 
Research Center, met most of the requirements for an 
in-orbit repair material. The formulation of this ablator is 
listed in table 1 . The two-part ablator is an epoxy /polysulfide 
copolymer with microquartz fibers in one part (A) and 
a catalyst along with silica microballoons in the other 
part (B). The microballoons were incorporated into the 
formulation to give a finished density of about 640 kg/m 3 
(40 lb/ft 3 ). 

Experiments indicated that the mastic would be difficult 
to apply by a suited astronaut. The high viscosity of the 
NASA Ex439 prevented the material from being applied to 
damaged areas by a state-of-the-art caulking gun. The objec- 
tive of this study was to optimize the ablator system for 
space application without sacrificing its thermal/mechanical 
performance during Earth entry. This paper describes arc- 
plasma experimental results used to optimize the polymer 
system and evaluate its thermal performance on a full-scale 
model in convectively heated environments. 

FACILITIES 

Arc -plasma tests used for system optimization and eval- 
uation were conducted in the Ames Aerodynamic Heating 


and 20-MW Pilot Test Facilities. Both facilities used con- 
stricted arc-heaters to produce high-enthalpy airstreams. 

Aerodynamic Heating Facility 

The Aerodynamic Heating Facility provides high-energy 
hypersonic flow (total enthalpies 7 to 23 MJ/kg) by passing 
air between concentric toroidal electrodes and expanding it 
through a 30° total-angle conical nozzle. For this investiga- 
tion, the geometric-area ratio of the nozzle was 400. The 
free-stream Mach number was M - 6.0. 

Blunt bodies were exposed to the high-enthalpy hyper- 
sonic airflow for test durations up to 420 sec. The models 
were located 28 cm downstream of the conical nozzle on 
water-cooled supports. Thermocouple and pyrometer mea- 
surements were made during each test. Impact pressure and 
stagnation point heat-transfer rates were measured. The 
nozzle flow properties were estimated from the ratio of mea- 
sured impact to total pressures, from calculated total 
enthalpy, and by assuming equilibrium flow from the reser- 
voir to an arbitrary point where chemical reactions and 
molecular vibrations become frozen (ref. 9). 

20-MW Pilot Test Facility 

High-enthalpy air from the constricted heater of the 
20-MW Pilot Test Facility expands through a semielliptical 
nozzle with a throat aspect ratio of 4: 1 and across a 48.3- by 
50.8-cm flat-plate multiple HRSI tile configuration. A silica 
plate, 25.4-cm long and 40-cm wide, is located at the nozzle 
exit to ensure a smooth hot-wall flow transition from the 
nozzle to the test-article surface. Thermocouple and pyrom- 
eter measurements are recorded during each exposure. The 
total enthalpy of the stream can be determined within 15% 
from sonic flow measurements (ref. 10). These measurements 
include total pressure, mass flow, and electrical power input. 
Exposures of about 420 sec and a free-stream Mach number 
of 4 were used during these tests. 


MATERIAL FORMULATION 


The Ex439 mastic process was modified to reduce its 
viscosity and to obtain equal -volume parts in the formula- 
tion. The viscosity was reduced by changing the blending 
process and replacing part of the epoxy resin (Epon 826) in 
part A with a low-viscosity reactive diluent (Epon 815). This 
required modifying the method of dispersion from a simple 
blending of the fiber and resin to include the use of a three- 
roll mill. Dispersion with a three-roll mill appears to enhance 
fiber distrubition within the resin matrix and improve fiber 
wetting. Figure 1 shows scanning electron micrographs of 


the microquartz fibers (at 200X) as received and after disper- 
sion with the three-roll mill. The process does not reduce the 
fiber length but improves the mixture uniformity. The reac- 
tive diluent added to part A was varied from 1 5 to 25% by 
weight in the formulations used in this study. Also, since the 
magnitude of the polymer exotherm is mass-dependent and 
rate-of-cure-cataly st-dependent (ref. 11), the repair volume 
was limited to 2.36X10" 6 m 3 and the amount of catalyst 
added to these formulations was limited between 3 and 15% 
by weight of part B. Variation of the catalysts are designated 
by the numbers 1,2, and 3 and the amount of diluent by the 
letters A, B, and C (see table 4). Equal volumes of parts A 
and B were obtained by distributing the microquartz fiber 
and microballoons in both parts. 

Thermal and physical properties of the selected material 
were obtained using a thermogravimetric analysis (TGA) in 
air and a pull test. Figure 2 shows the weight loss of this 
material as a function of temperature. Initial decomposition 
of the material occurred at about 523 K with a char yield, as 
defined by carbon residues minus fillers, of about 14.5% in 
an anerobic environment. This is typical of an epoxy/ 
polysulfide resin system cured at ambient (298 K) tempera- 
ture. The data from the TGA analysis was examined using 
the procedure of reference 12 to determine the kinetic 
parameters of the two distinct reactions that are apparent 
from the weight-loss curve. The first reaction, which takes 
place between 300 and 523 K, is very complex and the 
method of data reduction and subsequent curve fitting gives 
values listed in table 2. The second reaction taking place, 
from 523 to 723 K, is more straightforward, and the kinetic 
parameters listed in table 2 are what one would expect for 
this type of polymer decomposition. 

One concern with the use of any material as a repair for 
the Space Shuttle heat shield is adhesion to the various 
potential substrates. When a complete tile is lost, the surface 
most likely to be encountered is a cured RTV 560 silicone 
adhesive, which is used to bond the fibrous silica tiles to an 
SIP. If a tile is only damaged, the surface encountered would 
be the fibrous silica insulation. Table 3 gives the adhesion 
data of various substrates based on pull tests for the epoxy 
system. The selected material will adhere to all surfaces 
except a smooth, pristine RTV 560 surface. Therefore, to use 
the material for Space Shuttle heat shield repair, any pristine 
RTV 560 surface will have to be roughened before a repair is 
made to ensure adhesion. 


MODELS 


Blunt cones were made using formulations varying in 
amount of diluent and catalyst and length of cure time. The 
arc -plasma test matrix for these cones are shown in table 4. 
The Ex439-B3 refers to a modified Ex439 basic formulation 
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with 15% diluent added and with the catalyst increased by a 
factor of two. The cure time was varied from 6 < t < 72 hr. 

These models were made using a vacuum mold (fig. 3). A 
state-of-the-art caulking gun was used to insert the polymer 
into the Teflon mold at a pressure of p - 10" 3 atm. Weep 
holes and a Teflon piston in the cavity ensured even distribu- 
tion of the polymer during insertion.The blunt cones had a 
base diameter of 7.6 cm, a half-angle of 5°, and a flat-face 
diameter of 6.5 cm. The comer-radius-to-base-radius ratio for 
the cones was rjr ^ = 0.17. These models were tested in the 
Aerodynamic Heating Facility. 

A multiple-tile flat plate configuration (48 cm by 50 cm) 
was used in the 20-MW Pilot Test Facility (fig. 4). Each 
15-cm-square tile had a platinum-platinum/ 13% rhodium 
thermocouple installed at the center and in contact with the 
RCG surface coating. The 3.8-cm-thick tiles were bonded to 
an SIP which in turn was bonded to a 0.081 -cm -thick alumi- 
num plate. The aluminum plate was mechanically attached to 
a perforated aluminum sheet (0.08-cm thick) supported only 
at its outer edges. The tiles were positioned so that their 
leading edges were swept 45° to the flow; there were gaps of 
about 0.15 cm between the tiles. A half-patched tile was 
installed at a location across the centerline near the back of 
the flat-plate configuration. Chromel-constant thermocouples 
(0.03-cm diameter) were spot-welded into the 0.08-cm-thick 
aluminum plate beneath the patch. 

Half-patch tiles were used to evaluate the selected formu- 
lation in the 20-MW Pilot Test Facility. These patch tiles 
were constructed either by hand-packing or by. using a state- 
of-the-art caulking gun. Hand-packed patches for the mastic 
Ex439 were formed at atmospheric conditions. Patches con- 
structed using the caulking gun were formed under vacuum. 
The half-patches were made in the following manner: A 
15-cm-square HRSI tile 5-cm thick was cut in half and 
mounted to an aluminum plate with an SIP. The half-tile was 
placed in a wooden mold (fig. 5(a)). The sides of the cavity 
formed by the wooden mold were lined with stripes of 
Fibrous Refractory Composite Insulation (FRCI) 0.05-cm 
thick. A Plexiglas cover was placed over a thin plastic hard- 
back and attached to the wooden mold. The Teflon nozzle 
was then inserted into a 0.0635-cm-diameter hole in the 
Plexiglas at the center of the cavity. Twenty-four vent holes 
(1.27-cm diameter) were equally spaced along the sides of 
the wooden frame to ensure even distribution of the ablator 
throughout the cavity during filling. The model was filled 
with ablator after being placed inside a bell jar and evacuated 
to 10" 3 atm. After an appropriate cure time (72 hr), the 
wooden mold was removed from the bell jar and the Plexi- 
glas cover were removed from the thin plastic hardback 
(fig. 5(b)). 

ARC-JET TEST PROCEDURE 

The ablation properties obtained from the vacuum- 
molded cones were used to select the best polymer 


formulation. Tests were conducted using a dual support sys- 
tem in the Aerodynamic Heating Facility (fig. 6). A test cone 
made with a modified Ex439 formulation was mounted on 
one struct and a geometrically identical cone made with 
HRSI was mounted on the other struct as a reference. A 
platinum-platinum/ 13% rhodium thermocouple was installed 
beneath and in contact with the RCG coating of the refer- 
ence cone. The test conditions were established by the sur- 
face temperature on the face of the reference cone. The test 
cone was exposed to the arc -plasma airstream for a single 
simulated Space Shuttle Earth entry (420 sec). After each 
exposure, char thickness, core thickness, and mass-loss mea- 
surements were obtained from the cone. A typical post-test 
model is illustrated in figure 7. 

Stagnation-point pressure and heating rates to 1.59-cm- 
diameter hemisphere-cylinders (mounted at the center of the 
support system) were measured during each test. The surface 
temperature on the reference cone was varied from 1394 to 
1644 K. The surface pressure was varied from 0.008 atm to 
0.019 atm. Total enthalpy of 19 MJ/kg and 20 MJ/kg were 
calculated from measured stagnation-point pressure and heat- 
transfer rates. 

The patch material selected on the basis of the blunt-cone 
test series was compared with the basic Ex439 formulation 
using the full-scale multiple-tile model. A molded half-tile 
patch (using Ex439-B3) and a hand-packed mastic patch 
(using the basic Ex439 formulation) were tested. Morpho- 
logical and thermal response of these materials were com- 
pared in a simulated Orbiter Earth entry in the 20-MW Pilot 
Test Facility. A 420-sec heating pulse was used for the simu- 
lation. The test conditions were total enthalpy 
H t = 12.9 MJ/kg, surface pressure P $ = 0.01 atm and surface 
temperature T s = 1255 K. The airflow out of the semiellipti- 
cal nozzle was near turbulent at M ^ = 4. 


RESULTS AND DISCUSSION 


Material Selection 

The ablation data from the arc -plasma tests are shown in 
figs. 8-10. Figure 8 shows char thickness and mass-loss rate 
as a function of diluent added to part A. Data obtained from 
a model made with the basic Ex439 formulation are shown 
by the solid symbol. These blunt cones were cured for 72 hr. 
In general, at the lower surface temperature (fig. 8(a)), the 
modified polymer system, with up to 25% Epon 815 diluent 
added to part A and with equivalent or greater catalyst con- 
tent than the basic Ex439 formulation, was stable during the 
arc-plasma exposure. Stability was indicated by a mass-loss 
rate, m = 6.0X10 -3 kg/sec*atm 0-8 , and a high char-thickness- 
to-core-thickness ratio of roughly 0.20. No measurable reces- 
sion of the front face of the blunt cones was observed. The 
blunt cone with 20% diluent added to part B of the modified 
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polymer system was unstable, as indicated by the loss 
of the char layer and the excessive mass-loss rate 
(m = 2.0X10' 2 kg/sec -atm 0,8 ). Formulations with half the 
amount of catalyst of the basic formulation had char layers 
that were increasingly more unstable with increased amount 
of diluent. At the higher surface-temperature condition, 
T s = 1664 K, the char layer was unstable for all the formu- 
lations except the modified Ex439-A3 and Ex439-B3 
(fig. 8(b)). These two formulations show maximum char 
thickness and minimum mass-loss rates at 10 and 15% 
diluent added. 

Figure 9 shows the relationship between the surface tem- 
perature of the HRSI cone and the mass-loss rate of the blunt 
cones made from various formulations. The RCG surface 
temperature was used as a convenient reference to correlate 
these data with an Orbiter Earth entry environment. These 
data show that the modified polymer system containing up 
to 1 5% diluent and twice the catalyst content of the basic 
formulation was stable over the surface temperature range 
tested. All other formulations showed an increased mass-loss 
rate with increased surface temperature. The cone study 
indicates that the modified NASA Ex439-B3 polymer system 
would be the most stable of these formulations during an 
Orbiter Earth entry. The formulation and thermal properties 
for the modified Ex439-B3 are listed in Table 5. 

If Ex439-B3 is to be an effective patch material for the 
Orbiter TPS, then its char stability, as indicated by mass-loss 
rate, should be relatively independent of cure time. Mass-loss 
rate as a function of cure time is plotted in figure 10 at RCG 
reference surface temperatures from 1349 K < T s < 1644K. 
Cones were cured from 6 hr to 72 hr. The modified 
Ex439-B3 cured for 6 hr showed char instability during an 
arc-plasma exposure at T s = 1644 K. The char stability was 
relatively independent of cure time for all other composi- 
tions tested as shown by the small mass-loss rate 
(6.0X10" 3 kg/sec*atm 0,8 ). 


Material Evaluation 

The selected Ex439-B3 ablator formulation was compared 
with the original NASA Ex439 formulation using full-scale 
tiles. Post-test photographs of the arc -plasma-exposed NASA 
Ex439-B3 patches are shown in figure 1 1 . Neither patch had 
a forward-facing step; some surface material was removed 
from the basic Ex439 (a result of delamination created from 
being hand packed into the cavity); and the Ex439-B3 sur- 
face was smoother than the Ex439 surface after arc-plasma 
exposure. The aluminum -backplate temperature for the half- 
tile patches in the multiple tile model are shown in figure 12. 
The data show that the backplate temperature rise using 
NASA Ex439-B3 formulation was lower than that obtained 
using the basic NASA Ex439 formulation and was well 
within the Space Shuttle design limit (450 K). 


CONCLUSIONS 


The following conclusions have been reached from this 
study: 

A polymeric system cured at ambient temperature can be 
formulated and processed to provide an in-orbit repair of the 
RSI tile heat shield of the Space Shuttle vehicle for a one- 
time entry; the material can be applied easily with a state-of- 
the-art caulking gun in a vacuum environment; the in-orbit 
repair material, as formulated, provides adequate bond 
strength to most surfaces to survive the entry environment; 
and the in-orbit repair material maintains the outer mold line 
with little recession during ablation. 

Ames Research Center 

National Aeronautics and Space Administration 

Moffett Field, California 94035, December 13, 1982 
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TABLE 1.- FORMULATION OF 
NASA Ex439 


TABLE 2.- KINETIC PARAMETERS OF NASA 
Ex439-B3 


NASA Ex439 

I 

Material 

Amount, g 

Part A 


Epon 826 

90.8 

Microquartz fiber 

30.3 

Part B 


Polysulfide LP3 

60.6 

Catalyst DMP30 

7.58 

Silica microballoons 

30.3 

Silicon carbide 

1.82 


Reaction 

Order 

Activation 

Constant 

Energy, E*, Kcal/mole 

A, sec* 1 

1st 

3 

12.987 

vO 

o 

1-H 

* 

r-~ 

2nd 

2 

34.930 

9.5 * 10 11 


TABLE 3.- ADHESION PROPERTIES 
OF NASA Ex439-B3 a 


RTV 560 

Failed at Bondline 

HRSI 

Failed in RSI 

Aluminum 

Failed at 60.8 kg in Ex439-B3 


a Shelf life of mixed parts A and B approxi- 
mately 1 hr. 


TABLE 4.- ARC-PLASMA TEST MATRIX FOR 0. R. MATERIAL 

VARIATIONS 


Test 

Models 

tested 

Catalyst 
content, Xstd a 

Diluent, 

% b 

RCG surface 
temperature, K 

Cure time, 
hr 


3 

0.5 

10, 15,25 

1394 

>72 

A 

3 

1 

10, 15,25 

1394 

>72 

A 

2 

2 

10, 15,25 

1394 

>72 


1 

1 

None 

1394 

>72 


3 

0.5 

10, 15,25 

1644 

>72 

B 

3 

1 

10, 15,25 

1644 

>72 

3 

2 

10, 15,25 

1644 

>72 


1 

1 

None 

1644 

>72 


2 

2.0 

15 

1394 

6,20 

C 

3 

2.0 

15 

1504 

6, 20, >72 


2 

2.0 

15 

1644 

6,20 


^Catalyst content: 1 - 0.5; 2 - 1; 3 - 2. 
^Diluent: A - 10%; B - 15%; and C - 25%. 
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TABLE 5.- FORMULATION OF 
NASA Ex439-B3 


NASA Ex439-B3 a 

Material Amount, g , 

Part A 


Epon 826 

72.6 

Microquartz fiber 

12.1 

Epon 815 

18.2 

Silica microballoons 

7.85 

Silicon Carbide 

.6 

Part B 


Polysulfide LP3 

60.6 

Catalist DMP30 

12.1 

Silica Microballoons 

12.35 

Silicon carbide 

.6 

Microquartz fiber 

12.1 

^Thermal properties: 


density: 480-640 kg/m 3 


charyield: 33-34% at 873 K 
softening temperature; 413 K 
linear expansion of ambient - 

348 K: 65 ±10X 10~ 6 m/m K; 

linear expansion of 353 K 

-423 K: 

90 ±10X 10~ 6 m/mK; 


specific heat: 1.59X10 -3 J/kg K; 

thermal conductivity: 
2.5X 10“ 4 W/mK; 
heat of reaction: 75.3 J/g 






AS RECEIVED 


AFTER THREE-ROLL MILL PROCESS 


Figure 1.— Microstructure of microquartz fibers before and after dispersion with three-roll mill 


1ST REACTION 


INITIAL 

DECOMPOSITION 


2ND REACTION 


673 873 

TEMPERATURE, K 


Figure 2 - Weight change of Ex439-B3 ablator during a the rmogravime trie analysis in air, 



MOLD/CAULKING GUN 


UNFILLED MOLD 


WEEP 




FILLED MOLD 


TYPICAL 

MODEL 


Figure 3.— Molded blunt cone. 
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CATALYST DILUENT 

o 0.5 SOLID-NONE 

□ 1.0 OPEN-PART A 



PARTIAL-PART B 





PERCENT DILUENT 


(a) T w = 1394 K, P w = 0.008 atm. (b) T w = 1644 K, P w = 0.018 atm. 

Figure 8.— Thermal response of modified Ex439 formulations during arc-plasma exposure in air. 
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CATALYST 
O 0.5 




Figure 9.— Mass-loss rate of modified Ex439 formulations as a function of RCG wall temperature during arc-plasma 

exposure in air. 


q st , W/m 2 



| CURE TIME, hours 

Figure 10 — Mass-loss of Ex439-B3 formulation with cure time during arc-plasma exposure in air. 
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P $ = 0.01 atm 
AIR ENVIRONMENT 



(a) NASA Ex439 mastic. (b) NASA Ex439-B3 ablator. 

Figure 1 1.— Post-test photographs of half-tile patches after 420 sec of arc-plasma exposure. 


PATCH 



Figure 12.— Comparison of backplate temperature responses between repaired tiles using NASA Ex439 and Ex439-B3 

during arc-plasma exposure. 
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at the aluminum-tile interface below the design limit. 
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